Roscovitine, an inhibitor of cyclin-dependent kinases, is promising anticancer agent. Its antiproliferative and cytotoxic effects can be mediated by the p53 signaling pathway. To define the role of p53 in roscovitine-induced cell response, we prepared H1299/p53 cell lines inducibly expressing specific variants of p53 (p53wt and hotspot R175H, temperature-dependent P98A, A159V, S215G, Y220C, Y234C mutants). In the presence of roscovitine, each cell line variant behaved in specific way reflecting activity of the p53 protein. Roscovitine decreased production of the cell cycle inhibitor p21 and induced apoptosis. This effect was the most efficient in cells expressing p53wt protein with full activity. The cell expressing partially and conditionally active p53 mutants responded to roscovitine less efficiently. The cells expressing p53 mutants A159V and Y234C were very sensitive to roscovitine but their response was clearly temperature-dependent. The cells expressing P98A, S215G and Y220C p53 mutants exhibited only weak sensitivity to roscovitine and underwent apoptosis in low frequency. In principle, each td p53 mutant responded to roscovitine in distinct way. We showed clearly that the impact of roscovitine on H1299 cells depends on functional status of p53 they produce. This suggests that patients with tumors exhibiting specific p53 variants can benefit from the roscovitine therapy.
Cancer cells accumulate mutations in genes coding for cell cycle regulators and DNA reparation proteins resulting in unscheduled proliferation and increased genomic and chromosomal instability [1] . Roscovitine (Seliciclib, CYC202) is a promising anticancer agent that can substantially limit tumor growth. Roscovitine is 2-R-(1-ethyl-2-hydroxyethylamino)-6-benzylamino-9-isopropylepurine that competitively binds to the ATP-binding pocket of Cdk2 [2] and inhibits cyclin-dependent kinases, such as CDK1, CDK2, CDK5, CDK7, CDK9 as well as other kinases (e.g. ERK1, ERK2, pyridoxal kinase) with high selectivity [3, 4] . Although the biological impact of roscovitine has been intensively studied, its mode of action is not clear. Multiple in vitro experiments proved its inhibitory effect on cell proliferation resulting from cell cycle arrest and/ or apoptosis but the components of the roscovitine-induced response are still ambiguous. The antiproliferative effect of roscovitine is mediated not only by CDKs (1, 2, 5) but also by inhibition of RNA synthesis (CDK7 and 9) and disruption of ribosome biogenesis [5] . The importance of decreasing level of antiapoptotic Mcl-1 and increasing level of apoptotic PUMA and Noxa proteins for the roscovitine-induced apoptosis was reported [6] but the participation of tumor suppressor p53 remains controversial. Some studies reported that the roscovitine-induced cell response was p53-independent [7, 8] or the role of p53 was rather marginal [9, 10] , the other groups [11, 12] showed that functional p53 may be critical.
The p53 tumor suppressor participates in control of many essential cell functions, such as cell cycle, apoptosis, proliferation, differentiation, DNA repair, angiogenesis and many others. Therefore, p53 is significantly involved in determining the fate of a cell under various stress stimuli [13] . This central regulatory role is very often abrogated during cancerogenesis. The presence of mutated p53 was documented in about 50% of human tumors. The majority of the mutations caused complete loss of the p53 standard functions. Some mutants may still remain partially functional, as temperature-dependent (td) mutants. Their function can be restored in permissive temperature. In our earlier studies, we investigated functional state, especially transactivation activity, of td p53 mutants in yeast [14] and in human non-small cell lung carcinoma H1299 cells [15] . In the present study, we analyzed the way how various td p53 variants affect response of H1299 cells to roscovitine. Production of p53wt, hotspot mutant R175H or td p53 mutants P98A, A159V, S215G, Y220C, and Y234C by these cells significantly affected frequency of roscovitineinduced apoptosis. Functional status of p53 and cultivation temperature was found important parameters for modulating the effects of roscovitine in cancer cells.
Materials and methods
Cell culture. Human non-small cell lung carcinoma p53-null H1299 cell line and its derivatives were cultured in RPMI-1640 medium (L-glutamine, NaHCO 3 ) supplemented with 10% fetal calf serum and 1% penicillin/streptomycin at 5% CO 2 atmosphere and 32° or 37°C. To form H1299/p53 cells expressing p53 variants, the cells were co-transfected with p53-pT-REx-DEST30 prepared according to the instructions of manufacturer using the Gateway® technology (Invitrogen) and pcDNA6/TR repressing p53 expression (Invitrogen) in ratio 1:7 using Lipofectamine 2000 (Invitrogen). Stable transfectants were selected with 500 μg/ml Geneticin sulfate G418 (Gibco) and 5 μg/ml Blasticidin S HCl (Invitrogen). Expression of p53 in transfected cells was induced by tetracycline (1 μg/ml) [15] . The cells were treated with R-roscovitine (6-(benzylamino)-
Immunoblotting. Harvested cells were washed with 1xPBS and boiled with reducing loading buffer. Equal amounts of the supernatant proteins were resolved by 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane. Blots were blocked in 0.1% Tween 20 and 5% low-fat milk in PBS for 1 hour, probed with anti-PARP-1 (215-228) (Alexis), antip21 antibody Cip1/WAF1 (BD Biosciences Pharminogen), anti-PCNA antibody PC10 as internal control and anti-p53 antibody DO-1 (kindly provided by B. Vojtěšek) at 4°C. Blots were developed with Dako peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin using the ECL chemiluminiscent detection kit (Amersham Pharmacia Biotech).
Detection of cell death. Cells were seeded in microplates (5000 cells per well) and incubated with tetracycline at 32° or 37°C over night to induce p53 expression. Then, roscovitine (20 μM) was added and cell cultivation was extended for next 24 hours. Microplate was centrifuged and supernatant was processed by Cell Death Detection ELISA PLUS (Roche) quantitative sandwich enzyme immunoassay based on detection of mono-and oligonucleosomes produced by apoptotic DNA fragmentation. Each cell line was tested for apoptosis in presence or absence of roscovitine at 32° and 37°C. Relative frequency of apoptosis was normalized according to the rate of apoptosis found in the same cell line grown in the absence of roscovitine at 37°C
Results
The aim of this study was to reveal the impact of temperature-dependent p53 mutants on the effects of roscovitine in human cells to evaluate the role of functional status of p53 and its temperature-dependent variants. To limit the influence of genetic background, we prepared several H1299 cell line variants inducibly expressing various forms of p53: the positive control expressing p53wt, the negative control expressing fully inactive hot-spot mutant R175H, and td mutants P98A, A159V, S215G, Y220C, and Y234C. Temperature-dependency and transactivation abilities of the td p53 mutants were previously characterized both in yeast and human cells [14, 15] . The P98A mutant behaved as cold-sensitive, retaining lower activity at decreased temperature than at physiological temperature. The other td p53 mutants we chose for analysis were temperature-sensitive. They were inactive at physiological temperature but at least partially active at lower temperature. The A159V, S215G and Y234C mutants retained relatively high activity at permissive temperatures, while the Y220C mutant was almost inactive and capable of resuming its function in very limited way at temperatures lower than 32°C.
Roscovitine regulates the level of p21 protein in H1299 cells producing specific p53 variants. First, we assessed an appropriate concentration of roscovitine to be used in our experiments. In human cells, including the MCF-7 cells, roscovitine is often used in 20 μM concentrations. This concentration was shown to induce overproduction of the p53 protein as well as strong expression of its p21 target gene [16] . H1299 and H1299/p53wt cells were cultivated in the presence of tetracycline (1 μg/ml) at 37°C overnight to induce p53 expression before addition of roscovitine in concentration range 0-50 μM for next 24 hours. Cells were harvested, the cell protein extracts resolved by SDS-PAGE and p53, p21 and PCNA proteins were detected by immunoblotting (Fig.1 ). H1299/p53wt cells produced high amount of the p53 protein both in the presence and absence of roscovitine. The level of the p21 protein was high in p53wt-expressing cells untreated or treated with 10 and 20 μM roscovitin. When treated with 50 μM roscovitine, the cells failed to produce the p21 protein.
In the absence of p53, roscovitine did not affect the level of the p21 protein in H1299 cells.
Subsequently, the effect of roscovitine on expression of p21 was studied in H1299 cells expressing td p53 mutants at 32 and 37°C. The cells were cultivated in the presence of tetracycline at both temperatures overnight and then treated with 20 μM roscovitine or left untreated for further 24 hours. Cells were harvested and the level of the p21 protein was assessed by immunoblotting (Fig.2) . The cells producing p53 mutants A159V, S215G, Y234C exhibited clear temperature-dependent expression of p21. They produced very high level of the p21 protein at permissive temperature of 32°C and no p21 at 37°C in the absence of roscovitine. Addition of roscovitine resulted in significant decrease of the p21 protein produced in cells expressing the p53 mutants A159V and Y234C but not in cells expressing mutant S215G. The level of the p21 protein found in H1299 cells expressing almost inactive p53 mutant Y220C was very low; the p21 protein production was not affected by cultivation temperatures but it was further decreased upon treatment with roscovitine. Cells expressing cs p53 mutant P98A and p53wt expressed p21 at both temperatures and they also responded to the roscovitine treatment by reduction of the p21 protein expression. Negative controls (the H1299 cells and the cells expressing hot-spot mutant R175H) did not express p21. These results confirmed that roscovitine reduces production of the p21 protein and this effect depends on functional status of the p53 protein.
Roscovitine triggers the p53-dependent apoptosis of H1299. The roscovitine-treated H1299 cells expressing some of the p53 variants exhibited morphological features resembling apoptosis. Therefore, we performed analysis of apoptosis, the programmed cell death process controlled by p53. First, we monitored cleavage of PARP-1 (poly(ADP-ribose) polymerase) to fragments of 89 and 24 kDa by caspases occurring in early stages of apoptosis [17] . The cells expressing the p53 mutants and controls were cultivated with tetracycline overnight at both temperatures (32 and 37°C) and then treated or untreated with 20 μM roscovitine for further 24 hours. The cells were harvested and their protein lysates were resolved by SDS-PAGE and the PARP-1 protein was detected by immunoblotting (Fig.2) . In H1299 cells expressing p53wt, p53 A159V and Y234C, cleavage of PARP-1 (89 kDa) occurred upon roscovitine treatment at both temperatures, but more efficiently at 32°C than at 37°C. In cells expressing p53 mutants P98A and Y220C, only weak cleavage of PARP-1 to the 89 kDa fragment was detected at 37°C. The H1299 cells and the cells expressing hot-spot mutant R175H (negative controls) and ts mutant S215G did not exhibit cleavage of PARP-1.
Next, we quantified frequency of apoptosis using a functional test, the Cell Death Detection ELISA PLUS kit (Roche). This assay determines apoptosis according to the DNA fragmentation by sandwich ELISA. The H1299/p53 cell lines were seeded into 96-well microplate (5000 cells per well) and incubated with tetracycline at 32 or 37°C overnight before addition of 20 uM roscovitine for next 24 hours. The cells were processed for detection of apoptosis as recommended by manufacturer. The results of this assay confirmed our earlier observation. Roscovitine induced apoptosis of H1299 cells reflecting the type of expressed p53 variant (Fig.3) . Generally, apoptosis was increased at 32°C. This effect presumably resulted from suboptimal cultivation conditions at lower temperature. Even H1299/p53-null cells slightly raised rate of apoptosis at 32°C. The highest proportion of apoptotic cells was detected in variants expressing the p53 mutants A159V and Y234C and p53wt at 32°C. In case of the mutant Y234C, the level of apoptosis of cells expressing the Y234C mutant was even higher than in variants expressing p53wt. The mutants P98A and S215G exhibited only low frequency of apoptosis. At 37°C, only roscovitine-treated cells expressing p53wt underwent apoptosis in substantial extent. In the cell line variants expressing td p53 mutants, frequency of apoptosis was lower at non-permissive than at permissive temperature. Roscovitine did not induce any apoptotic DNA fragmentation in H1299/Y220C. This mutant behaved similarly in the negative controls.
Cell Death Detection ELISA PLUS kit can distinguish apoptotic cells from necrotic ones. We did not observe necrotic cells in the roscovitine-treated H1299/p53 cells undergoing apoptosis. Low level of necrosis was observed only at 32°C in all used H1299 cell lines probably due to suboptimal cultivation temperature (data not shown).
We can conclude that only fully functional p53wt provides the cells with ability to respond efficiently to roscovitine. The response of partially and conditionally active td p53 mutants to roscovitine is less efficient. The cells expressing p53 mutants A159V and Y234C were very sensitive to roscovitine but their response was clearly temperature-dependent: roscovitine induced strong apoptotic response only at 32°C. Substantially higher level of cleaved PARP-1 and of nucleosomal fragmentation was detected at permissive than at physiological temperature. Cells expressing P98A mutant were only weakly sensitive to roscovitine, apoptotic markers were mildly increased at both temperatures. The cells expressing mutant S215G increased nucleosomal fragmentation at 32°C but no apoptotic PARP-1 fragmentation upon the roscovitine treatment. The cells expressing the Y220C p53 were relatively resistant to roscovitine and mediated only subtle apoptotic cell response. Only H1299/p53wt underwent significant apoptosis at physiological temperature 37°C. Negative controls, such as the roscovitine-treated cells expressing null or fully inactive R175H mutant p53 did not exhibit any hallmarks of apoptosis, such as the PARP-1 cleavage and intranucleosomal fragmentation.
The results obtained from two independent approaches to detect apoptotic cell death revealed that the impact of roscovitine on H1299 cells depends on functional status of p53. In principle, each td p53 mutant responded to roscovitine in a distinct way.
Discussion
Roscovitine has entered clinical trials as very potent anticancer agent suitable for treatment of different cancers (lung, breast and B-cell malignancies) (www.cyclacel.com). Its antiproliferative and cytotoxic effects were described in various cancer cell lines in many in vitro and in vivo studies. Depending on the tumor tissue specificity it can trigger different scenarios ranging from cell senescence and cell cycle arrest [18] to mitotic catastrophe [19] and/or apoptosis [12, 10] . Roscovitine can modulate cell fate in various ways. Besides the direct inhibition of CKDs resulting in cell cycle arrest and inhibition of gene transcription, it can regulate expression of anti-apoptotic genes (such as bcl-2, mcl-1, XIAP, survivin) , proapoptotic genes, such as PUMA, Noxa and cell cycle regulator genes, such as (p21, p27) [5, 6, 9] . The role of tumor suppressor and transcriptional factor p53 in the roscovitine-induced cell response is contradictory and still has not been satisfactory resolved. Depending on experimental set up, the type of cancer cells and doses of roscovitine, the researchers reported conflicting observations. Some of them identified greater cytotoxic potency of roscovitine against cells with functional p53 [11, 12, 16, 20] . In contrast, other groups described only marginal role of p53 in cell response to roscovitine [9, 10] . There are also reports declaring that roscovitine is a potent anticancer agent regardless of the functional status of p53 [7, 8] .
In our experimental system, certain p53 variants were inducibly expressed in H1299 non-small cell lung carcinoma cells and their role in mediating the effects of roscovitine were tested. Our results document that p53 is an essential regulator of the cell response to roscovitine. As an inhibitor of CDKs, roscovitine primarily exhibits its antiproliferative effect that could be supported or followed by expression of other cell cycle inhibitors, such as p21 [21] . Thus, we first analyzed an impact of roscovitine on expression of p21. It is obvious from our previous studies that p53 preferentially transactivates the genes involved in cell cycle regulation (e.g. p21) rather than pro-apoptotic genes (e.g. bax) [15] . The p21 gene possesses high affinity promoter, whereas the bax promoter has low affinity for p53 [22] . Surprisingly, we observed significant decrease of the p21 protein in roscovitine-treated H1299 cells expressing p53wt and P98A, A159V, Y234C p53 mutants, although there are studies demonstrating increased expression of p21 upon the roscovitine treatment [16, 21] . On the other hand, the p21 expression might depend on dose of roscovitine. Higher doses of roscovitine were found to downregulate p21 in ACHN renal carcinoma cells [12] and in MCF-7 and RPMI-8226 cells presumably due to inhibition of general rate of transcription [11] . Zhang´s group showed that roscovitine-induced decrease of p21 resulted from apoptotic cleavage of the p21 protein by caspase 3 in A549 non-small cell lung carcinoma cells [23] . Apoptotic pathway is activated by p53 in cells exposed to severe stress stimuli and is preferred in anticancer therapy. We followed the PARP-1-and internucleosomal DNA fragmentation in H1299 cells expressing several forms of p53, such as p53wt, A159V and Y234C mutants and treated them with roscovitine. We showed that the presence of p53 was required for the roscovitine-induced apoptosis. When td p53 mutants were expressed in H1299 cells, the roscovitine-induced apoptosis also occurred in the temperature-dependent manner. An increased expression of apoptotic markers in these cells negatively correlated with the p21 protein. The higher rate of the PARP-1 cleavage was detected, the lower amount of the p21 protein was found in the cells. These results clearly support the results published earlier [23] .
Roscovitine can induce apoptosis of H1299 cells expressing p53wt at all temperatures we tested but each td p53 mutant responded to roscovitine uniquely reflecting the cultivation temperature. The A159V and Y234C ts p53 mutants were the most sensitive to roscovitine at permissive temperature. The cells expressing the cs p53 mutant P98A exhibited the apoptotic markers at both temperatures even though not in the same extent as the cells expressing the p53wt. In contrast, the cells expressing the S215G and Y220C p53 ts mutant were almost resistant to roscovitine. They behaved similarly as negative controls. We showed earlier that individual td p53 mutant is unique concerning its temperature-dependency, functions, transactivation rates and reactivation abilities. These features are predetermined by the type and/or position of mutation in the p53 gene. The rules and relations between p53 mutation and its functional outcome are not clearly understood. For example, it is difficult to predict the reactivation potential of the p53 mutant from its transactivation activity. The S215G p53 mutant is the second most active mutant of our collection but is almost resistant to roscovitine. On the other hand, the A159V and Y234C mutants exhibit intermediate transactivation activity and are prone to reactivation. However, the td p53 mutants seem to be more sensitive to many p53-reactivating compounds [24, 25, 26, 27] and this ability depends on specificity of individual mutation.
Importantly, we showed that some td p53 mutants possess greater potential to be reactivated by either temperature shift or chemical compounds than others. The mutants that were tested for their susceptibility to roscovitine were selected from the large panel of td p53 mutants that we have collected during many years of routine diagnostics of the p53 functional status in tumor samples. Four mutants (ts A159V, S215G, Y234C and cs P98A) were selected because of their confirmed ability to be reactivated by amifostine, the p53-reactivating agent that we tested previously [14] . The A159V and Y234C mutants retain high level of transactivation activities at permissive temperatures and are the most successful respondents to amifostine. The S215G mutant is one the most active ts mutants, although its reactivation by amifostine is only marginal. The cs mutant P98A with partial activity at permissive as well as restrictive temperature responds well to amifostine. The Y220C is the ninth frequent p53 mutant found in human cancers and is almost inactive mutant that did not respond to amifostine.
It seems that transactivation activity of p53 mutants does not predict their reactivation. The most active (S215G) and the least active (Y220C) mutants can be reactivated neither by amifostine nor by roscovitine. Surprisingly, the A159V and Y234C mutants are very good responders to both p53-reactivating compounds, although both compounds reactivate p53 through completely different ways. Amifostine acts as cytoprotective adjuvant detoxifying reactive metabolites of platinum and alkylating agents and scavenging free radicals. Presumably, the amifostine might directly stabilize the p53 protein structure, stimulate the p53 DNA-binding activity and positively regulate the p53 signaling pathway through JNK kinase [28] . The cross-talk of roscovitine and p53 signaling pathways has not been satisfactory resolved yet. The p53 accumulation and stabilization can be achieved by inhibition of CDK7 and 9 resulting in decreased transcription of p53 negative regulators [5] . Altogether, our experiments with roscovitine and amifostine showed that some td p53 mutants possess considerable reactivation potential and could become successful targets of p53-reactivating therapy.
